Coherent coupling of light and single-molecules at room temperature is one of the fundamental goals of nano-optics that would enable widespread adoption as a building block of nanophotonic devices. Over the past decade, many constructs have been designed to enhance the coupling of single-emitters, such as planar interfaces,^[@ref1]^ near-field probes,^[@ref2]^ photonic crystals,^[@ref3],[@ref4]^ microcavities,^[@ref5]^ and metal nanostructures.^[@ref6]−[@ref8]^ Improved optical coupling results in Purcell enhancement of the emission rate, enhancing efficiency and both spatial and temporal mode-matching of single photon emission.^[@ref9]−[@ref11]^ Further improvement eventually leads to the strong-coupling regime where nonlinearities can reach the single photon level, an essential characteristic for many quantum devices. So far however most single-emitter strong-coupling required cooling of the system,^[@ref12]−[@ref15]^ increasing cost and complexity. For room-temperature nano-optics, plasmonic nanocavities have gained tremendous interest due to their enhanced field confinements.^[@ref7],[@ref16]−[@ref18]^ Integrating optically active materials (such as molecules, quantum dots, monolayer semiconductors, or diamond vacancy centers) into these cavities is of great importance to access the desired coherent interaction between optical field and exciton. Either the cavity must be fabricated around randomly located emitters such as quantum dots or nitrogen-vacancy centers,^[@ref14],[@ref19],[@ref20]^ or emitters are randomly located inside the cavity.^[@ref21]^ In realizing the promising hopes for molecules in plasmonic cavities, the major hurdles are (i) robust assembly of plasmonic nanocavities with reliable nanogaps (*d* \< 5 nm) and (ii) precise integration of single-molecules into such cavities with a high degree of spatial control.

Here we construct a nanocavity with \<5 nm gap between two plasmonic components and show the freedom to place a single emitter at controlled positions inside it ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a). The cavity consists of a gold spherical nanoparticle placed on top of a Au film coated with a robust nanoscale spacer, forming a nanoparticle-on-mirror (NPoM) construct.^[@ref22],[@ref23]^ The charge oscillations in the Au nanoparticle couple with image charges within the polarizable Au surface underneath. This enhances the electromagnetic field in the gap by nearly 2 orders of magnitude and tightly confines^[@ref21],[@ref24]^ the fields to spatial volumes *V*~c~ \< (6 nm)^3^, resulting in a high local density of optical states (LDOS) in the gap ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b and [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b04283/suppl_file/nl7b04283_si_001.pdf)). In lateral directions (*x*, *y*), the fields are strongly confined underneath the bottom facet of the nanoparticle of radius *R* to lateral intensity full-width with gap refractive index *n*([@ref25]) ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c and [Figure.S2](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b04283/suppl_file/nl7b04283_si_001.pdf)). These cavity fields have a strong radiative component delivering high coupling efficiency to the far-field, η ≥ 0.5.^[@ref21],[@ref24]^ A two-level emitter positioned in the gap experiences high LDOS and its emission is strongly enhanced (∝1/*V*~c~). An emitter can thus be used to map these confined fields. However, it is challenging to precisely position a single-emitter within gaps of \<5 nm with nm lateral resolution.

![Assembled plasmonic nanocavity with single-molecule DNA origami plates. (a) NPoM with faceted nanoparticle and DNAo in the gap. (b) Nanoparticle-on-mirror (NPoM) cavity with strong optical field confinement in the gap (yellow). (c) Electric field enhancement in the gap along the *x*-direction, 80 nm diameter NP with 15 nm bottom facet. (d) Chemical structure of Cy5 molecule positioned in the NPoM gap. (e) Zoomed AFM image of a single DNAo. (f) Line profile along the dotted white line shown in (e). Sketch not to scale.](nl-2017-04283t_0001){#fig1}

Various techniques^[@ref26]^ exist to control the location of a single emitter beyond random deposition, for example, (i) chemical modification/functionalization of the substrate,^[@ref27]^ (ii) placement by scanning probes in scanning tunneling or atomic force microscopes (AFM), (iii) electrostatic trapping,^[@ref28]^ (iv) capillary forces in solvent evaporation,^[@ref29],[@ref30]^ and (v) host--guest chemistry.^[@ref31],[@ref32]^ Each of these methods suffer from inherent issues of randomness, coupled with often low-yield and difficult scalability. We achieve here deterministic bottom-up nanoassembly combining both organic and inorganic components, using deoxyribonucleic-acid origami (DNAo) nanotechnology.^[@ref33]−[@ref38]^ A long single strand of DNA termed the scaffold is folded by the complementarity of base-pairs along hundreds of much shorter DNA "staple strands". These are designed to uniquely bind two or more sections of the scaffold together, while pinning different subcomponents to the staple strands yielding DNA "breadboards" that can carry different functional elements.^[@ref39]−[@ref47]^ We combine the two robust methods to form NPoM cavities with DNAo breadboard spacers. By precisely positioning a single-dye (Cy5) molecule at the center of the gap, we show the coherent coupling of cavity and emitter results in modulation of the cavity scattering spectrum. In addition, we map the LDOS with \<3 nm precision by displacing the single-Cy5 molecule through the cavity in the lateral direction.

The DNAo is designed as a two-layer plate ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b04283/suppl_file/nl7b04283_si_001.pdf)), each layer consisting of 24 helices having 128 to 149 base pairs^[@ref48]^ (see [Methods](#sec2){ref-type="other"} for detailed assembly procedure and S4, S5, and S16). The bottom layer has four thiol modifications on specific staple strands which are used to bind the origami onto the flat Au mirror. The top layer contains 6 poly-A (10 adenine bases on the 3′) overhangs that can bind to the nanoparticle. The overhangs are designed to form a hexagon with the midpoint labeled (0,0) so that ssDNA-coated-nanoparticles hybridize to locate the center of the nanoparticle bottom facet there. The AFM images of these DNAo on a Au surface confirm a uniform size distribution and high yield assembly ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}e and [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b04283/suppl_file/nl7b04283_si_001.pdf)). The ∼2.5 nm diameter of each helix^[@ref49]^ sets the position of the overhangs from this center point (in nanometers) at (*x*,*y*) of (0,5), (0,--5), (5,2.5), (5,--2.5), (−5,2.5) and (−5,--2.5). The zoomed in AFM images ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}e) of individual structures show the clear features of these overhangs at the center and give the average thickness of the two-layer plates as 4.5 ± 0.3 nm ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}f). The top plate is designed to bind Cy5-modified staples (chemical structure shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d) which are 3′ modified to locate them at coordinates divisible by 5 nm in the *y*-direction or internally modified stands to locate single Cy5 at ±2.5 and ±7.5 nm positions. Finally, 80 nm diameter Au nanoparticles functionalized with 5′ thiol-modified 20× poly-T strands hybridize with the DNAo. The resultant assembly yields nanoparticles on a flat metal surface with the ultranarrow gap (NPoM cavity) filled with DNA origami and a single-Cy5 molecule at the center ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d). The optical emission of Cy5 from such a cavity is enormously enhanced due to the high LDOS within the gap.^[@ref50]^

The robustness of assembled NPoM cavities are characterized for \>350 nanoparticles using white-light dark-field nanospectroscopy^[@ref51]^ ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b04283/suppl_file/nl7b04283_si_001.pdf), dark-field image and spectrum). To first quantify the optical gap between the nanoparticle and Au mirror (*d*) and the refractive index (*n*), empty NPoMs without the Cy5 are constructed ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a). Spectra of single NPoMs ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b) show near identical peak positions, intensities, and peak widths, further verifying the consistency of our robust nanoassembly.

![Characterization and coherent coupling with single-Cy5 in NPoM. (a,d) NPoM without and with Cy5 molecule in DNAo. (b,e) Experimental dark-field scattering of five individual NPoMs, with resonance peaks ω~c,+,--~ and line widths Γ~c~ marked. Absorption spectrum also shown (blue). (c) Cavity resonances versus line widths for \>200 NPoMs without (with) single Cy5 molecules. Background color map is kernel density matrix indicating distribution of NPoMs. Green dots are simulations for *n* = 1.9, 2.1, 2.3, and 2.5. (f) Frequency distribution of upper and lower split resonance energies with single Cy5 in each NPoM. (g) Distribution of calculated Rabi couplings extracted from (f), fraction of uncoupled NPoMs with *g* \< Γ~c~ highlighted in gray bar. (h) Optical emission from NPoMs with and without Cy5 molecule in the DNAo, laser at 633 nm. Curly bracket denotes spectral window used to integrate signal counts for enhancement factor below.](nl-2017-04283t_0002){#fig2}

A characteristic infrared resonance peak (ω~c~, empty cavity) is identified at 1766 ± 40 meV (702 ± 18 nm) in the wavelength-dependent scattering spectra which corresponds to the NPoM coupled plasmon resonance. Spectral variations in the small peak around 530 nm indicate an average deviation in nanoparticle size of ±5 nm.^[@ref52]^ The AFM-measured thickness is used in electromagnetic simulations ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b04283/suppl_file/nl7b04283_si_001.pdf)) allowing extraction of the effective refractive index of the DNAo, which is modeled as an infinitely wide sheet to simplify the geometry. The simulated coupled mode resonance positions and line widths for different refractive indices in the gap (*n* = 1.9, 2.1, 2.3, and 2.5) are plotted (green dots) along with the experimental data for \>350 individual NPoMs ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c). The statistical variation in ω~c~ and resonance full width at half-maximum (Γ~c~) fits *n* = 2.15, in good agreement with previous studies of DNAo in closer proximity to Au.^[@ref53]^ Increasing the nanoparticle size shifts ω~c~ to lower energies and increases Γ~c~. The occasional line widths \<80 meV likely arise from the precise nanogeometry; the contact angle at the nanoparticle facet edge modulates the coupling strength between cavity and radiating antenna modes (see ref ([@ref54]−[@ref56]) for detailed analysis). The lack of correlation between (ω~c~, Γ~c~) suggests that nanoparticle size is uncorrelated to the facet morphology. The robustness of ω~c~ and Γ~c~ for such large samples of DNAo nanocavities verify that this DNAo-method allows for great control in the nanocavity formation with uncertainties arising only from the fluctuations in nanoparticle shape and geometry.

Our NPoM cavity is designed with 2*R* ∼ 80 nm so that the absorption and emission from the Cy5 molecule spectrally overlaps with ω~c~. Our simulations predict the field enhancements give large Purcell factors (*P*~f~ ∝ *Q*/*V*~c~) up to 4000 for single-Cy5 molecules embedded in the gap region^[@ref50]^ ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c). The largest enhancements occur for Cy5 located at the center of the nanoparticle and with the transition dipole oriented vertically. Because of the unique plasmon mode hybridization in the NPoM nanocavity, this large field excitation is not quenched into nonradiative channels, as typically occurs when an emitter is placed close to a metal surface. Instead, in the NPoM nanocavity quenching is suppressed, leading to enhanced emission for the molecule that can be measured in the far-field.^[@ref50]^

By incorporating the single-Cy5 molecule into the DNAo that assembles the NPoM ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d), the optical scattering from the system is perturbed due to presence of single-Cy5 molecules. The resulting cavity resonance coupled with the single-Cy5 shows now two peaks which can be clearly resolved (ω~±~), for which we obtain the distributions from \>200 NPoMs ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}f). Coherent coupling of the single-Cy5 absorption (at ω~0~) and emission with the detuned NPoM cavity does not quite reach the strong coupling regime of clear peak splittings (see discussion in [Supporting Information Sections S8 and S10](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b04283/suppl_file/nl7b04283_si_001.pdf)) but still allows the coherent coupling strength *g* to be extracted. This depends on the detuning δ = ω~0~ -- ω~c~ ∼100 meV ([Supporting Information Section S9](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b04283/suppl_file/nl7b04283_si_001.pdf)). The emitter dephasing rate Γ~0~ at room temperature is estimated to be 25 meV (∼*k*~B~*T*). The distribution of extracted coupling strengths for all NPoMs ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}g) gives a mean Rabi splitting = 80 meV, so that indeed Ω~R~ ∼ (Γ~c~ + Γ~0~)/2 here. This is at the transition between weak and strong coupling regimes, while possessing low cooperativity values, *g*^2^/(2Γ~c~Γ~0~) \< 1. The system approaches strong coupling but the spontaneous emission rate still follows a Purcell-like dependence proportional to *g*^2^,^[@ref57]^ valid for *g*/ω~0~ \< 0.1 (here *g*/ω~0~ = 0.03). Compared to our recent results in ref ([@ref21]) the wider gap (4.5 nm versus 0.9 nm) but larger dipole strength of Cy5 (μ = 10.1 D)^[@ref58]^ and 2-fold increase in damping (from the larger NP) gives a coupling rate *g* only slightly smaller than in narrow gaps. Recent related efforts to position single molecules between plasmonic dimers with large gaps \>10 nm suppressed the *g* to small values and weakly enhanced emission rates.^[@ref43],[@ref59]^ The range of extracted Rabi splittings seen in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}g can originate from fluctuations in orientation and position of the Cy5 but also arises from a subpopulation of bleached single Cy5 molecules, as we now discuss.

The presence of a single-Cy5 not only perturbs the cavity scattering but also enhances the optical emission from the Cy5 molecule. To measure the emission from individual NPoMs, we pump the cavity at 633 nm and collect all Stokes-shifted photons. In the absence of Cy5 molecules in the nanogap, the emission spectrum of a single NPoM is dominated by the surface-enhanced Raman scattering (SERS) of DNAo and the inelastic light scattering (ILS) of electrons in Au from the plasmon resonance^[@ref60]^ ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}h, gray). The combined intensity of both phenomena vary across different NPoMs ([Figure S11](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b04283/suppl_file/nl7b04283_si_001.pdf)). At relatively high pump powers \>200 μW/μm^2^, strong SERS signatures are identified at 1500 cm^--1^ corresponding to cytosine, and at 1000 and 730 cm^--1^ corresponding to adenine of DNA-origami. When a single-Cy5 is present at the center of the gap the emission from the NPoM is strongly enhanced ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}h, orange). Different NPoM constructs show only minor variations in peak emission wavelength and widths ([Figure S12a](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b04283/suppl_file/nl7b04283_si_001.pdf)). The emission of Cy5 coupled to the plasmon mode enhances the decay rates and modifies the energy levels giving larger surface-enhanced fluorescence line widths in comparison with the ensemble emission of molecules in solution ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}h, yellow).

Time series scans of the emission from NPoMs containing a single Cy5 show variations in peak position and intensity on time scales of seconds ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a and [Figure S12b](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b04283/suppl_file/nl7b04283_si_001.pdf)). The emission suddenly bleaches after a certain time, leaving only weak ILS and SERS from the NPoM (*t* \> 21 s in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a) which is the same for the DNAo without Cy5 ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}h, gray). This confirms the presence of only one Cy5 molecule in each NPoM, as previously demonstrated for single emitters within DNAo inside plasmonic dimers.^[@ref43],[@ref45]^ Scattering spectra obtained from the NPoM before ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b, bottom) and after ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b, top) the bleaching of the single-Cy5 show the expected collapse in the splitting. Intensity traces from fluorescence microscopy images of NPoMs also show these steplike features, in complete contrast to ensemble Cy5s on glass which shows the gradual irreversible bleaching of molecules. We note that chemically binding Cy5 to DNA strands has been shown to increase the photostability of the molecules.^[@ref61]^ The average bleaching time of Cy5-DNAo on glass is = 8.5 s, whereas in these NPoMs we find \> 13 s, giving an additional 2-fold increase in photostability. With NPoMs providing local intensity enhancements of *I*~gap~ ∼ 2500 in the gap ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c) and τ~b~ ∝ 1/*I*~gap~, the photobleaching is actually suppressed by more than 3 orders of magnitude.^[@ref62]^ The total number of photons emitted from the single dye in each NPoM before it bleaches is estimated to be 4 × 10^6^, resulting in enhancement of total photon counts by factors \>1000 times compared to each Cy5 in DNAo on glass. This enhancement results from combined effects of enhanced radiative emission rates, better light collection from the NPoM antenna, and suppressed bleaching rates.^[@ref46],[@ref63]^ These behaviors fully corroborate our evidence for single molecule emission.

![Emission from NPoM with single-Cy5. (a) Time-series emission spectra from a NPoM with single-Cy5 at the gap center. Inset: extracted variation in peak λ and intensity (dot size) as a function of time. (b) Scattering spectra from the NPoM before (*t* = 0 s) and after bleaching (*t* = 30 s) the single-Cy5, with initial emission spectrum (orange). (c) Intensity over time extracted from fluorescence microscopy images (shown in inset) for single-Cy5 in NPoM (top) and ensemble Cy5 embedded in DNAo on glass (bottom). (d) Emission intensity as a function of pump power in five individual NPoMs and for comparison a typical DNAo on glass.](nl-2017-04283t_0003){#fig3}

To estimate the emission enhancement of Cy5 molecules in NPoMs, we performed emission experiments for different pump powers ([Figure S13](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b04283/suppl_file/nl7b04283_si_001.pdf)). Emission from an ensemble of Cy5 molecules on glass exhibits saturation and bleaching at \>100 μW/μm^2^ ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d, black curve). The emission is now integrated over a range of wavelengths (curly bracket [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}h) and normalized to the counts from Cy5s in DNAo on glass considering the excitation and collection efficiencies ([Supporting Information Section S14](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b04283/suppl_file/nl7b04283_si_001.pdf)) to give the enhancement factor (EF). We find the radiative emission rate (γ~e~/γ~0~) is enhanced by EF \> 2 × 10^3^. The coupling strength estimated from this single-Cy5 enhancement^[@ref10]^ using *g*^2^ = *P*~f~γ~0~Γ~c~(1 + 2δ/Γ~c~)/4 (with radiative line width ℏ/γ~0~ = 1 ns^[@ref64]^) gives values *g* ∼ 50 meV which agree with those from the cavity line width in scattering ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}g). The emission intensity from a Cy5 coupled to a single NPoM shows linear scaling with excitation power density in the range 4--400 μW/μm^2^ ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d). We estimate photon populations in the NPoM \< 0.1, well below the critical cavity photon population^[@ref65]^ for nonlinear effects Γ~c~^2^/(2*g*^2^) ∼ 2. Pumping at higher excitation power densities instead gives irreversible photobleaching of the Cy5, before saturation of the excited state population can be reached. All subsequent measurements are thus conducted at excitation power densities of 50 μW/μm^2^. At these powers, we do not see the collapse of the DNA origami core as seen in prior work^[@ref45],[@ref66],[@ref67]^ at \>500 μW/μm^2^.

The EF is measured for \>100 individual NPoMs for different assembled origamis. In successive designs, the spatial position *x* of the single-Cy5 is systematically scanned laterally within the gap ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). As the Cy5 is moved toward the center of the gap (*x* = 0) the emission intensity increases monotonically, evidencing that the center of the NP on the DNAo is correctly defined within ±1 nm and that the optical field in the gap has a spatial fullwidth Δ~expt~ = 6.5 ± 2 nm. This measured intensity profile is similar to that from simulations Δ~c~ ∼ 8 nm for facets *w* \< 10 nm (blue lines [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} and [Figures S15 and S16](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b04283/suppl_file/nl7b04283_si_001.pdf)) as well as the analytical estimate nm. The statistical variation of EFs for each design (shown with violin plots around each point) show the deterministic assembly achieved here. To the best of our knowledge, this is the first time the optical field of plasmonic nanogaps is mapped deterministically with single-molecules. We note that this measurement also confirms the accuracy of the single-molecule Cy5 positioning within DNAo to \<1.5 nm (as this would otherwise blur out the spatial fullwidth further, see [Supporting Information Section S17](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b04283/suppl_file/nl7b04283_si_001.pdf)), which is surprising. Compared to near-field scanning microscopies with metal tips that strongly perturb the confined optical mode, the present technique for measuring cavity optical fields using deterministic placement through DNA origami is minimally invasive.^[@ref68],[@ref69]^

![Mapping the LDOS. Experimental variation in enhancement of emission intensity from NPoMs when laterally displacing the position of single dye molecule (orange dots). Normalized to the emission of a single Cy5 in DNAo on glass, gray box indicates standard error, statistical variations in emission intensity shown as violin plots. Solid red line is Gaussian fit to the experimental data. Theoretically calculated emission enhancements are shown for vertical (90°) dipole (solid blue) and slanted dipole (45°) (dashed blue). Calculated quantum efficiency for vertical dipole is shown as dashed gray line.](nl-2017-04283t_0004){#fig4}

The experimental data matches full 3D electromagnetic simulations for the radiative enhancement with two different dipole orientations (90° and 45° shown solid and dashed). We find a best fit for dipole orientations of 65° ± 15°. Different DNA-origami folding results in slightly different dipole orientations, and partial melting of the double-stranded DNA together with slight imprecision in nanoparticle placement yields the uncertainty in emitter position.

It is evident from this data that an emitter in a plasmonic nanocavity does not quench when placed in the vicinity (\<5 nm) of the two Au surfaces. This result is a consequence of the enhanced emission rate outstripping the absorption rate as we showed earlier.^[@ref50]^ Instead its emission rate is strongly enhanced when moved towards the center of the nanocavity. It is important to note that our geometry is completely different to the quenching observed when emitters are placed close to a single Au surface.

Integrating robust NPoM constructs with high precision DNA origami techniques, we show that a single-molecule deterministically positioned at the center of a nanocavity interacts coherently with confined optical fields (Ω~R~ ∼ 80 meV) producing splitting near the weak-to-strong coupling regime (with cooperativity ∼1). Modification of the scattering spectra before and after bleaching each single-Cy5 shows a type of energy switching at room temperature that requires only zJ to break a bond, which although currently irreversible can be now explored in photochromic and electro-optic molecules. The optical emission from each single-molecule can be enhanced by \>10^3^ showing that our NPoM constructs allow for strong fluorescence despite close proximity of the dye to metal surfaces. Further, by systematically moving the position of molecule through the cavity, we map the local field confinement with high accuracy. We believe that such robust systems are ideal for studying room-temperature single-molecule nano-optics and have the potential for a variety of technological implementations.

Methods {#sec2}
=======

DNA Origami and NPoM Assembly {#sec2.1}
-----------------------------

The origami are folded in a 14 mM MgCl~2~, 1× TE Buffer using a 7560-base long single stranded viral DNA scaffold isolated from M13mp18 derivative (Tilibit nanosystems) at a concentration of 10 nM and a staple concentration of 100 nM (i.e., 10:1 staple/DNA). The folding is carried out using an annealing cycle that slowly cools the solution from 65 to 36 °C over a period of 23 h followed by holding at 4 °C. Once the cycle is complete, the solution is filtered through a 100 kDa Amicon filter in a 2 mM MgCl~2~, 0.5× TBE washing the buffer thrice.

The origamis are then allowed to functionalize on a gold mirror substrate overnight in a 11 mM MgCl~2~, 0.5× TBE buffer. Finally, 2*R* = 80 nm gold particles (BBI solutions) functionalized with 5′ thiol modified 20× poly T strands are allowed to hybridize with the origami for at least 30 min, prior to being rinsed with Milli-Q water and blown dry with nitrogen.

The dye molecule positions are set by their binding to the overhangs. In principle, it is possible to have finer control over the lateral position by using rotation along the helix. In our case, the helices containing the dyes are designed to be approximately at the same rotation around the helix, although the ±2.5/7.5 nm positions are reversed; the staples are approximately pointing in the opposite vertical direction to those at {0,5,10 nm}. It should thus be noted that the vertical positions are potentially different, around (0,0,0) and (0,2.5,-2.5).

Simulations {#sec2.2}
-----------

The 3D numerical simulations are performed using Lumerical FDTD Solutions v8.12. The Au NP was modeled as a sphere or a truncated sphere (to model different facet sizes) of different *R* (70--90 nm) on top of an infinite dielectric sheet of variable *n* = 1.9--2.5 and thickness of 4.5 nm. Underneath this sheet, a thick gold layer is placed to replicate the experimental nanoparticle-on-mirror geometry. The dielectric function of gold is taken from Johnson and Christy. The nanoparticle was illuminated with a p-polarized plane wave (TFSF source) from an angle of incidence of θ~*i*~ = 55°. The inbuilt sweep parameter is used to include the incident wavelengths ranging from 500 to 900 nm. The scattered light at each wavelength was then collected within a cone of half angle θ~c~ = 55° based on the numerical aperture of the objective.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.nanolett.7b04283](http://pubs.acs.org/doi/abs/10.1021/acs.nanolett.7b04283).Additional information and figures. Source data can be found at DOI link: <https://doi.org/10.17863/CAM.16695> ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b04283/suppl_file/nl7b04283_si_001.pdf))
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